Cross-docking may be classified according to different criteria. Based on whether freight is 1 already assigned to customer or not, there are two types: pre-distribution cross-docking and post-2 distribution cross-docking. In addition, the shape of cross-dock facilities varies. While the traditional 3 and mostly used shape is "I" shape cross-docking, other shapes such as L, T, H, and U also exist. 4
This paper develops a model for scheduling of both ITs and OTs and addressing three main 5 objectives covered by existing literature at pre-distribution, I-shaped cross-dock facilities. In addition, 6 the paper emphasizes on the results analysis under each objective and under a multi-objective 7 approach. The remainder of the paper is organized as follows. Section 2 describes the problem under 8 consideration and the objectives considered in the mathematical formulation of the problem. Section 9 3 presents a Mixed-Integer Program (MIP) formulation of the problem. Section 4 gives numerical 10 examples and presents a restriction-approximation approach used in the solution of the problem.
11
Section 5 discusses the results from the analysis of the numerical examples, separately for each 12 objective considered in the problem and for the multi-objective formulation. Section 6 presents a 13 summary of the findings and concluding remarks. 14 15
PROBLEM DESCRIPTION AND OBJECTIVES 16
In general, materials flow through a cross-dock facility takes place as follows: ITs arrive at the cross-17 dock, are assigned to an ID and are then sequenced for unloading their products. This process is noted 18
as IT scheduling and is the main part of inbound door operations [25] . Similar assignment and 19 sequencing takes place for the OTs arriving at the ODs, which is part of the outbound door operation.
20
The traveling of products from IDs to ODs is part of the internal operations of cross-docking. In this 21
paper we consider the scheduling of both ITs and OTs aiming to optimize inbound, outbound, and 22 internal cross-dock operations.
23
Minimizing total service time and departure time (or tardiness) are the main objectives of the 24 truck sequencing problem addressed in the literature; minimizing the total travel distance or weighted 25 distance within the facility are the main objectives of the truck door assignment problems. Most of the 26 formulations considered in the literature treat each problem individually, and none of them addresses 27 both truck sequencing and door assignment together, while treating both ITs and OTs simultaneously.
28
The formulation presented in this paper considers the problem of truck scheduling with three 29 objectives specified as follows. (1 Departure time is one of the crucial measurements of throughput of cross-docking operations.
In summary, minimizing the total starting and handling time of ITs offers benefits to ID 29 operations. However, consideration of this as the sole objective, may lead to increased total weighted 30 travel distance inside the facility. In this case, the ITs will be assigned to IDs without consideration of 31 the physical locations of either doors or staging areas, which results to increased travel distance of 32 pallets from the IDs to the ODs. On the other hand, minimizing this travel distance degrades the 33 optimality of total starting and handling time. Since the OD operation starts after the ID operation and 34 the inside operation, both scheduling of trucks and the travel distance of products affect the 35 performance of the OD operation. Therefore, in order to achieve a good scheduling of all the ITs and 36
OTs, it is necessary to find a way to balance among all the objectives and have an optimal solution for 37 the problem. 38 39
MATHEMATICAL MODEL 40
The model considers the scheduling of ITs and OTs at an I-shaped cross-docking facility with IDs 41
and ODs along the long side of the facility (see Fig 1) . The study assumes a pre-distribution cross-42 docking, which means the freight flow from each IT to each OT is known a priori. Other assumptions 43 are listed as follows: 44
(1) Each door is pre-defined as ID or OD.
45
(2) The internal product moving equipment can transfer a fixed number of pallets at a time from 46 an ID to an OD (e.g. one pallet per move).
47
(3) The handling time of a pallet is independent of the commodity type.
48
(4) Following the unloading from ITs, the products are available in the area adjacent to the ID to 49 be transferred to the OD.
50
(5) Loading of an OT starts once all the products to be loaded are available in the area adjacent to 51 Zhang, T., G. Saharidis, S. Theofanis, M. Boile the assigned OD. 1 (6) Travel time per unit distance between every pair of ID/OD is equal. 2 (7) There is an adequate number of internal equipments and laborersmoving products. 
( )
Minimize the total weighted travel distance by freight 3 , , , ,
Minimize the total departure time of OTs 4
Constraints

5
Every IT/OT will be served and only served once 6 , , 1 1 1,
, , 1 1 1,
Each ID/OD cannot serve more than one IT/OT at the same order 7 , , ,
, ,
Freight flow constraint -the flow from i to m when j is assigned to i and l is assigned to m equals the 8 flow ,
(2 ), , , , , , '
, , ,
Starting time of serving IT/OT should be later than the truck arrival time and should be zero if IT/OT 10 is not served at ID/OD (i/m) 11
The starting time of loading OT should be after the time the last commodity is ready to be loaded. 12
The starting time of serving IT/OT as the (k+1)th truck should be no earlier than the service finish 1 time of its predecessor. 2 , , ,
, , 1 ( 2), , ,
, , 1
The order at the ID/OD has to be consecutive.
Define the departure of OT. 4 , , , 
27
Solution Approach: 28 Zhang, T., G. Saharidis, S. Theofanis, M. Boile
As many scheduling problems, the problem considered in this study is 29, 30] and can 1 be solved to optimality only for small instances. When the problem size (number of doors and trucks) 2 increases, the computational time increases exponentially. Size limitations, to solve the problem using 3 exact methods (within 24 hours) are found for each objective. Size limitations for the first objective: 4 6 ITs and 6OTs, with 5 IDs and 5 ODs; for the second objective: 9 ITs and 9 OTs, with 5 IDs and 5 5
ODs; and for the third objective: 5 ITs and 5 OTs with 4 IDs and 4 ODs. The CPU time for solving 6 these examples is 88.25s, 4,245s and 3.4 hrs for the first, second, and third objective respectively. 7
Since the problem is difficult to solve, and in order to restrict its dimension and not just its 8 solution space, a restriction-approximation solution is proposed. The suggested approximation 9 restricts the maximum number of k in the model, where k is the order of trucks served at each door (k 10 also represents the maximum number of trucks served at each door in the model). Since for the 11 numerical examples presented herein 10 trucks and 5 doors are considered, and based on the 12 assumption that all the doors will be used at least one time, the maximum k could be restricted by the 13 following equation: 14 For the third objective, the k=2 approximation does not work for minimizing the total 7 departure time of all OTs. To solve the problem, however, we consider the following. Departure time 8
of an OT is the sum of the starting time and the service time of the OT. The starting time of serving 9 an OT is affected by the starting time of serving ITs, the service time of ITs and the transferring time 10 of pallets, all of which have been optimized by the first and second objective. Thus, to minimize the 11 total departure time of all OTs, we use an approximation, which minimizes the service time of all OTs. 12
Constraint (21) is added to make sure that the OTs will not wait too long to be served. The minimum 13 feasible time t is used. 14 All the computation results are obtained by using the MIP solver of ILOG CPLEX 10.1. The 15 computer used to run CPLEX is equipped with an AMD Athlon 64 Processor 2.39 GHz, 1.37 GB of 16 RAM. 17 18
RESULTS ANALYSIS 19
By using the restriction-approximation presented in the above section, every dataset is solved 20 optimizing one objective at a time and solving for the resulting value of the other objectives. The 21 purpose for optimizing each of the objectives separately is to perform a sensitivity analysis to 22 examine the behavior of each objective. The results are shown in Table 2 and are discussed in the 23 following sub-sections. Following the analysis of individual objectives, we perform a multi-objective 24 analysis, in which all three objective functions are considered.
25
It should be noted that our assumption of adequate number of laborers and equipment allows 26 the utilization of all cross-dock doors. If there are not adequate resources at the ID/ODs, our model 27 can be used considering a reduced number of functioning doors of the cross-dock facility, to capture 28 the effects of the resulting congestion. 29 Table 2 shows that when the arrival time interval of ITs increases, the total starting and handling time 33 increases accordingly. The first objective function value is 672.11 minutes for a 5 minute interval 34 (dataset 1) and 890.72 minutes for a 10 minute interval (dataset 2). When the arrival time interval 35 increases to 30 minutes (dataset 6) and 35 minutes (dataset 7), the total starting and handling time are 36 1997.74 minutes and 2386.89 minutes respectively. The total starting time increases substantially 37 when the trucks arrive late. A similar trend is observed when optimizing the second and the third 38 objective function. The truck inter-arrival time impacts the total staring and handling time of ITs and 39 the departure time of OTs. This is mainly because the service starting time of OTs partially depends 40 on the starting time of serving ITs. It should be noted, however, that the difference in the departure 41 Zhang, T., G. Saharidis, S. Theofanis, M. Boile time between datasets 3 and 6 is not obvious. This is because the departure time depends not only on 1 the arrival time of trucks, but also on the handling time and the travel time of pallets inside the facility. 2
For inter-arrival times between 15 and 30 minutes, the total departure time of OTs does not vary 3 substantially. 4 5
Comparison of Results
6
In this section, we compare the performance of cross-docking operations under different objectives. 7 Figure 2(a) shows the values of total starting and handling time of ITs when optimizing OF1 (total 8 starting and handling time of ITs), OF2 (total weighted distance), and OF3 (total departure time of 9 OTs). From the figure we see that by minimizing OF2 and OF3 the value of OF1 increases in general, 10 when the inter-arrival time of trucks increases as well. This increase, however, is not proportional 11 and in some instances we observe a decrease of the OF1 value for higher inter-arrival times. constraints together define the feasible solution of the problem. There are numerous approaches for 37 solving multi-objective problems and most of them can be broadly categorized into two groups. The 38 first group aggregates the objectives quantitatively into a single objective, and the second one uses the 39 Zhang, T., G. Saharidis, S. Theofanis, M. Boile concept of Pareto optimality to find the Pareto frontier or Pareto-optimal set [32] [33] [34] . The former one 1 requires that the value of weights assigned to each objective function are known. As these weights 2 represent the view of decision makers, it is not always straight forward to estimate their value. In this 3
paper we use the concept of Pareto-optimality to analyze our multi-objective problem. The solutions 4 to a multi-objective optimization problem are a set of non-dominated solutions that are usually known 5
as Pareto-optimal set [35] or Pareto front. The most intuitive approach to solve a multi-objective 6 optimization problem is the weighted sum approach, used to find the Pareto-optimal points: 7
, where w is a vector of weights. By changing the weights vector w , a set of points 8 are obtained. To illustrate the performance of the objectives and apply the multi-objective analysis, 9 we use Dataset 1 with different weights applied to different objective functions, combining them into 10 a single objective function. Different weight combinations are used to generate different weighted 11 objective functions and each model is solved using the k=2 approximation with the additional 12 constraint (21). In total, 45 different weight combinations are applied and the resulting models are 13 solved. We notice that not all the resulting points are Pareto front points. This is because of the 14 application of our approximation method. If an exact solution method was used, all points satisfying 15 Table 3 . According to these results, solution number 8 with the 21 highest score is the best solution to our example dataset 1. The weights of the first, second and third 22 objective are 0.1, 0.3 and 0.6 respectively. The total starting and handling time of all ITs is 673.49 23 minutes; the total weighted distance traveled by all pallets inside the facility is 31764 feet; and the 24 total departure time of all OTs is 1732.59 minutes. The detailed scheduling plan of ITs/OTs is shown 25 in Figure 3 . As a result from our restriction-approximation, each door serves two trucks; the starting 26 time of serving each IT/OT is shown on the top of each truck. The sequence of serving ITs/OTs is 27 also presented in the figure. 28 This paper deals with the scheduling of ITs and OTs at a cross-dock facility. A multi-objective MIP 5 model is built, which considers the three objectives of the problem. Since the problem is NP-hard, we 6 developed a restriction-approximation approach to solve for each of the objectives. Numerical 7 examples are provided along with the analysis of the computational results. Several observations can 8 be made, including the following. With our approximation approach, minimizing the departure time 9
of OTs and minimizing the weighted travel distance, give a reasonable scheduling plan for trucks in 10 terms of total starting and handling time of inbound trucks. Moreover, neither the minimization of 11 starting and handling time of ITs nor the minimization of total departure time of OTs, give a good 12 scheduling plan in terms of minimizing the total weighted distance. At least for small size cross-dock 13 facilities, it is shown that departure time of OTs mainly depends on the service stating and handling 14 time of ITs. Finally, the multi-objective problem is solved and a Pareto analysis is conducted using 15 dataset 1. The best resulting solution, which gives a weight vector of (0.1, 0.3, 0.6) to the first, second 16 and third objective respectively, is picked from the Pareto optimal solutions by applying post-Pareto 17 analysis. 18
